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Currently, the standard cosmological model faces some tensions and discrepancies between observations at
early and late cosmological time. One of them concerns the well-known H0-tension problem, i.e., a ∼ 4.4σ-
difference between the early-time estimate and late-time measurements of the Hubble constant, H0. Another
puzzling question rests in the cosmological lithium abundance, where again local measurements differ from the
one predicted by Big Bang Nucleosynthesis (BBN). In this work, we show that a mechanism of light dark matter
production might hold the answer for these questions. If dark matter particles are sufficiently light and a fraction
of them were produced non-thermally in association with photons, this mechanism has precisely what is needed
to destroy Lithium without spoiling other BBN predictions. Besides, it produces enough radiation that leads to
a larger H0 value, reconciling early and late-time measurements of the Hubble expansion rate without leaving
sizable spectral distortions in the Cosmic Microwave Background spectrum.
Introduction. The standard Λ-Cold Dark Matter (ΛCDM)
model provides a successful description of the structure and
evolution of the universe from its early stages to the present.
However, as cosmological observations increase in number
and accuracy – some of the current constraints on the cosmo-
logical parameters can reach now sub-percent level – tensions
and discrepancies between early and late time cosmic evolu-
tion emerged, requiring either a better understanding of the
systematic errors or an extension of the standard model or the
discovery of new physics – we refer the reader to [1] for a
recent review.
One of these tensions concerns the current difference be-
tween the early-time estimates and late-time measurements
of the Hubble constant, H0 (≡ 100h km/s/Mpc). Using
distance measurements of galaxies in the local universe cal-
ibrated by Cepheid variables and type Ia Supernovae (SNe
Ia), Riess et al. [2] reported H0 = 74.03 ± 1.42 km/s/Mpc,
which differs by ∼ 4.4σ from the latest Cosmic Microwave
Background (CMB) estimate assuming the standard model,
H0 = 67.36 ± 0.54 km/s/Mpc [3]. Such a discrepancy
can reach ∼ 5.8σ when other late-time measurements of H0
[4, 5] are combined, reinforcing what is known nowadays as
the H0-tension problem [1].
Another ongoing issue in the standard cosmology concerns
a long-standing problem of the Lithium (7Li) abundance,
known as the Lithium problem [6]. It is well known that dur-
ing the first few minutes of the universe lifetime, nuclear reac-
tions took place and produced light elements such as 4He, D,
3He and 7Li. Using standard calculations one can estimate
the abundance of these elements and find good agreement with
the observations up to the baryon-to-photon ratio, η, which is
extracted from CMB measurements [7, 8]. Moreover, by fix-
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ing η, no free parameter is left in the Big Bang Nucleosyn-
thesis (BBN) calculations and the primordial abundances of
these elements are thus affected only by tamed uncertainties
in the nuclear cross-section [9]. It is also remarkable that the
calculated primordial abundances nicely match the astronom-
ical observations. Albeit, there is a puzzling discrepancy in
the 7Li abundance by roughly a factor of three. The predicted
abundance reads 7Li/H = 4.68(±0.67) × 10−10 [10] while
measurements point to 7Li/H = 1.58(±0.31) × 10−10 [7].
This difference between the calculated and observed Lithium
primordial abundances has been reconciled neither by new
observations nor by nuclear physics. Therefore, the long-
standing Lithium problem casts doubt either on the success
of BBN or on our understanding of the thermal history of the
universe.
In the past few years, several attempts have been put forth
trying to solve individually one of these problems. Some of
them invoked connections to the cosmological dark sector (see
e.g. [11] and references therein). In many cases, they end up
altering too much the abundances of the other light elements
or distorting the CMB power spectrum. It has been noticed
that an increase in the number of relativistic degrees of free-
dom is a viable solution to the H0 problem and that late elec-
tromagnetic injection may solve the Lithium problem. Aren’t
these two problems connected? Aren’t they connected to dark
matter? Instead of trying to solve these two problems individ-
ually we explore a common origin. Indeed, in this work we
present a possible unified solution to both problems via the
production of light dark matter particles in the early universe.
It is known that the bulk of the dark matter particles cannot
be relativistic at the matter-radiation equality for the sake of
structure formation. However, considering that only a small
fraction of it is relativistic, we show that both Lithium and H0
problems may be solved.
Light Dark Matter and H0. In order to understand how
the production of light dark matter can lead to larger values
of H0 one needs to go over a few steps. If dark matter, χ, is
produced via a two body decay, i.e., χ′ → χ+ γ, then energy
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2and momentum conservation implies Eχ′ = Eγ +mχγχ and
pχ′ = Eγ + pχ. Now, assuming that χ′ decays at rest we ob-
tain γχ = mχ′/2mχ+mχ/2mχ′ . In the radiation-dominated
era, a = (t/t0)1/2, thus the prompt decay of χ′ yields
γχ(t) =
√√√√√(m2χ′ −m2χ)2
4m2χ′ m
2
χ
τ
t
+ 1 , (1)
which represents the boost factor of the dark matter parti-
cles as a function of time in a radiation-dominated universe,
and where τ corresponds to the time at which χ′ instanta-
neously decays. We emphasize that this equation is strictly
valid only in the ultra-relativistic case, which happens for
mχ′  mχ. Our goal here is to illustrate the framework.
The dark matter number density scales with a−3, which im-
plies ρχ(a) = ρc Ωχ a−3, whereas relativistic neutrinos den-
sity evolves as ρν(a) = ρc Ων a−4Nν/3, where Nν is the
number of neutrino species. Hence, at the matter-radiation
equality, aeq ∼ 3 × 10−4, one neutrino species represents
about 16% of the dark matter density [12]. In other words,
if dark matter particles had a boost of ∼ 16% they could
mimic the effect of neutrino species, increasing the Hubble
rate. In this way, the additional radiation density is given by
ρextra = f ×ρχ(γχ−1), where f accounts for the fraction of
the dark matter particles produced via this mechanism, with
∆Neff ≡ Neff −NSMeff = ρextra/ρ1ν , NSMeff being the number
of relativistic degrees of freedom in the ΛCDM model. Using
the relations above we obtain,
∆Neff = f × (γχ − 1)/0.16, (2)
which implies
∆Neff ∼ 5× 10−3
( τ
106 s
)1/2
×
[(
mχ′
2mχ
+
mχ
2mχ′
− 1
)]
× f, (3)
for t = tCMB. Therefore, if a fraction of the dark matter parti-
cles are non-thermally produced, with mχ′  mχ, they gen-
erate extra relativistic degrees of freedom. Several works have
assessed the impact ofNeff > 3 on the CMB power spectrum,
asNeff andH0 are positively correlated [13–16]. We translate
this correlation to our framework using Eq. 3 and find the re-
sults displayed in Fig. 1. Clearly, for 150 < f m′χ/mχ < 350
and τ = 106 s, we may obtain H0 ∼ 74 Mpc−1km/s. As
mentioned earlier, the fraction of dark matter produced via
this mechanism is expected to be small since the bulk of the
dark matter should be non-relativistic at the matter-radiation
equality.
To illustrate how that works we need to invoke the con-
cept of free-streaming, which is the scale below which a dark
matter particle do not cluster. Therefore on sufficiently small
scales, the growth of perturbations is suppressed if the dark
matter production mechanism discussed here were the main
one. We can estimate the free streaming of the dark matter
particles, produced via this mechanism with mχ′  mχ to be
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FIG. 1. Effect of the dark matter production mechanism on H0 for
lifetime τ = 105 s (green), τ = 106 s (blue) and τ = 107 s (red).
The contours correspond to 95% CL constraints from Planck 2015
power spectra excluding high l polarisation (light colors) and adding
CMB lensing and BAO (dark colors).
[17],
λFS ∼ 1 Mpc
( τ
106 s
)1/2(mχ′
2mχ
− mχ
2mχ′
)
, (4)
which leads to a λFS much larger than a Mpc scale, in
complete disagreement with the Lyman-alpha forest that sets
λFS  1 Mpc [18]. We therefore conclude that such a pro-
duction mechanism cannot be responsible for the overall dark
matter density. In order to have a more quantitative assess-
ment about the fraction f of dark matter particles that can be
produced in this way we need to study the matter power spec-
trum [19, 20].
In the matter-dominated phase of the universe, the lin-
ear fluctuation evolves below the free-steaming length as,
δ ∝ a1−3/5f [21] for f  1. Hence, the suppression that
such production mechanism above brings to the matter-power
spectrum is quantified by ∆ = δf 6=0δf=0 = (aeq/a)
−3f/5 ∼
exp(−4.9f). Considering current measurements of the am-
plitude of matter clustering, σ8 [22–25], CMB data [3], the
clustering power in the Lyman-alpha forest [18], and the re-
sults of cosmological simulations [26–28] one needs a nearly
pure cold dark matter regime. In other words, we require
∆ > 0.95, which implies that f < 0.01. Therefore, only a
small fraction of dark matter may be produced via the pro-
posed mechanism, in order to be consistent with large-scale
structure observations. Interestingly, although small it pro-
vides a possible solution to the H0-tension problem discussed
above. Generally speaking Neff could be generated via new
light thermal relics and new interactions with the active neu-
trinos etc [29]. In our work, the increase in Neff and conse-
quently in H0 are tied to the dark matter production mech-
3anism. and many things, such new light species coupled In
what follows, we discuss the effect of this dark matter pro-
duction on the long-standing 7Li problem.
Light Dark Matter and the Lithium Problem. The pri-
mordial Lithium abundance is derived from low-metallicity
halo stars observations [6], whereas the theoretical predic-
tion is based on the baryon-to-photon ratio, which is extracted
from CMB observations. These determinations of the 7Li
abundance differ by roughly a factor of three [6], and the
fact that nuclear reactions, cosmological modifications, mod-
ified statistics, possible primordial magnetic fields, and ex-
otic decays involving charged particles all failed to solve the
Lithium problem represents an incomplete success for cos-
mology, as reviewed in [10]. Some solutions to this problem
have been proposed in the past years (see e.g. [30] and refer-
ences therein).
In a three-body decay the photon in the final state would
have a continuous spectrum with energy sufficiently large to
alter the abundance of several elements since these photons
would induce numerous nuclear reactions. On the other hand,
having an arbitrary two-body decay with high energetic pho-
tons does not suffice either because secondary nuclear reac-
tions occur. For instance, taking our scenario as an example,
in the two-body decay with mχ′  mχ, photons are emit-
ted with Eγ ' mχ′/2, electromagnetic cascades would be
induced by the injection of an energetic γ in a medium com-
prised of radiation, magnetic fields and matter [31]. Such pho-
ton emission could be catastrophic to the abundance of light
elements because these photons may induce nuclear reactions
and alter the BBN predictions, which is precisely the problem
with past proposals.
However, if the energy of the photon injected is small
enough, between 1.59 − 2.22 MeV the electromagnetic cas-
cades develop differently, allowing to destroy enough 7Li
without affecting the abundance of other elements. This en-
ergy window has to do with the Beryllium nucleus that has
a photon dissociation threshold of 1.59 MeV and Deuterium
whose threshold is 2.22 MeV. Taking into account the fact that
MeV photons induce non-thermal nucleosynthesis processes
where the final spectrum of the photons is significantly dif-
ferent from the injected one it has been shown that one could
successfully solve the Lithium problem via electromagnetic
injection [32]. Now, knowing that the total electromagnetic
energy released is ζem = Eγ Yγ , where Yγ is the ratio of the
number density of photons produced in the decay to the num-
ber density of CMB photons, which yields,
ζem ∼ 1.5× 10−8 MeV
(
mχ′
mχ
− mχ
mχ′
)(
f
0.01
)
, (5)
we can obtain the region in the parameter space, lifetime vs
ζem, in which the Lithium abundance is reduced from 20% up
to 80% for instance. Using Eq. 5 we may display this region
in terms of fmχ′/mχ vs lifetime. Considering the region of
the parameter space favored in Fig. 1, which fix fmχ′/mχ,
we assess whether is possible to reconcile both the H0 and
the Lithium problems, as fmχ′/mχ governs the overall en-
ergy injection as well. The results are shown in Fig. 2 which
shows in green the region of parameter space in which the 7Li
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FIG. 2. Region of parameter space in which the Lithium abundance is
diluted by 20-80% from BBN original prediction (green), and where
H0 = 71 Mpc−1km/s (light red) or H0 = 74 Mpc−1km/s (dark
red). The blue curves correspond to current (dashed) and projected
(dotted) CMB spectral distortion bounds. For τ ' 2 × 104 s one
can simultaneously accommodate the Lithium andH0 problems with
light dark matter. Notice if one assumes f  1, sub-keV dark matter
arises. See text for details.
abundance is diluted in 20%-80%. As mentioned earlier, the
photon should be emitted with an energy of about 2 MeV. As
our reasoning is built under the assumption that mχ  mχ,
then mχ′ = 4 MeV throughout. One can easily fix the frac-
tion of dark matter produced in this mechanism, f , to extract
the dark matter mass. For instance, with fmχ′/mχ = 103,
we get mχ = 0.04 keV for f = 0.01.
In Fig. 2 the dashed (dotted) blue curves correspond to the
limits based on the CMB spectral distortion. An additional
energy injection in the form of photons brings distortions to
the CMB black-body spectrum. For τ < 103 s, these photons
produced in the decay quickly thermalize via processes such
as Compton scattering eγ → eγ and double Compton scat-
tering eγ → eγγ [33]. Although, for larger lifetimes these
processes are not sufficiently efficient and end up altering the
photon spectrum of the CMB to a Bose-Einstein distribution
with a chemical potential (µ 6= 0). Therefore, constraints
on a chemical potential, µ < 9× 10−5, lead to bounds on the
total energy injection [34] which is related tomχ′/mχ, as dis-
played in Fig. 2. The dotted blue curve represents a projection
using the PIXIE setup corresponding to µ < 5 × 10−8 [35].
These CMB spectral distortion bounds exclude the region at
the right of the curves.
Discussion. Fig. 2 also shows that there is a region of
the parameter space corresponding to τ ' 2 × 104 s and
f mχ′/mχ ' 2 × 103 which is capable of diluting the
Lithium abundance while simultaneously reproducing H0 '
74 Mpc−1km/s, as indicated by recent local measurements
4– while being consistent structure formation and CMB con-
straints. These results rely on the existence of very light dark
matter with sub-keV mass, with a small fraction of them be-
ing produced in association with photons. In other words, the
production of sub-keV dark matter seems to provide a possi-
ble solution to current problems in the standard cosmology.
We emphasize that our results do depend on the dark mat-
ter abundance. Thus, in order to solve both problems dark
matter must appear in the final state of the decay channel pro-
posed. It could not have been any particle, as the abundance
of dark matter determines the amount of extra radiation in the
early universe which is directly associated with the increase
in H0. Therefore, if new independent measurements of H0
converge increasing the need for new physics, sub-keV dark
matter stands as a viable possibility, strengthening the need
for new detectors sensitive to very light dark matter [36].
Finally, sub-keV dark matter could have been produced
non-thermally in the early universe via the freeze-in mech-
anism [37]. In fact, if the production channel has a small
available phase-space, the dark matter free-streaming length
is suppressed and therefore the Lyman-alpha constraint can
be avoided [38, 39]. A very light dark matter could also be
produced via the misalignment mechanism typical of axion
dark matter models [40]. It is also important to mention that
the Fermi-Dirac statistics limits dark matter mass to be higher
of few hundreds of eV, independent of the production mech-
anism [41, 42]. Therefore, a sub-keV dark matter model is
perfectly conceivable once we invoke non-thermal processes.
Moreover, as a small fraction of dark matter may be pro-
duced via this mechanism larger-scale structures are not af-
fected [43].
Final Remarks. Recently, several proposals have surfaced
trying to induce a larger expansion rate via an increase on
Neff , such as dark matter interactions with active neutrinos
or via the introduction of new light species. Moreover, nu-
merous attempts to solve the Lithium have been put forth in
the context of late particle decays involving particles with an
electric charge, neutral particles and even decays having dark
matter-like particles in the final state. Often times dark matter
in these works refer to neutral particles which are stable and
interact weakly. However, being stable and a weakly inter-
acting massive particle does not warrant a particle the role of
dark matter in our universe. Our findings are tied to the dark
matter density instead.
In this work, we go beyond that and propose a possible, uni-
fied solution to the Lithium and H0-tension problems. Such
result is obtained through a mechanism of light (sub-keV)
dark matter production in which a fraction of the dark mat-
ter particles are produced non-thermally in association with
photons. We have discussed the observational viability of
this framework in light of the current large-scale structure and
CMB data and shown that for an interval of the parameter
values the Lithium abundance may be significantly reduced
without altering other elements abundance, while simultane-
ously increasing the current expansion rate in agreement with
current local measurements.
As is well know, light dark matter has gained attention re-
cently as the still popular WIMPs (Weakly Interacting Mas-
sive Particles) subject to intense experimental searches have
not been observed. We believe that the results discussed in
this paper further motivate experimental searches for sub-keV
dark matter.
ACKNOWLEDGMENTS
The authors are grateful to Francesco D’Eramo, Marco
Peloso, Clarissa Siqueira and Pasquale Serpico for com-
ments. JSA acknowledges support from CNPq (grant Nos.
310790/2014-0 and 400471/2014-0) and FAPERJ (grant No.
E-26/203.024/2017). FSQ thanks CNPq grants 303817/2018-
6 and 421952/2018-0, and ICTP-SAIFR FAPESP grant
2016/01343-7 for the financial support. NB is partially sup-
ported by Spanish MINECO under Grant FPA2017-84543-
P. This project has received funding from the European
Union’s Horizon 2020 research and innovation program under
the Marie Sklodowska-Curie grant agreements 674896 and
690575, and from Universidad Antonio Nario grants 2018204,
2019101 and 2019248. The research of AM is supported by
the ERC Advanced Grant No. 267985 (DaMeSyFla) and by
the INFN. We thank the High Performance Computing Center
(NPAD) at UFRN for providing computational resources.
[1] L. Verde, T. Treu, and A. G. Riess, Tensions between the Early
and the Late Universe, in Nature Astronomy 2019, 2019.
1907.10625.
[2] A. G. Riess, S. Casertano, W. Yuan, L. M. Macri, and
D. Scolnic, Large Magellanic Cloud Cepheid Standards
Provide a 1% Foundation for the Determination of the Hubble
Constant and Stronger Evidence for Physics beyond ΛCDM,
Astrophys. J. 876 (2019), no. 1 85, [1903.07603].
[3] Planck Collaboration, N. Aghanim et. al., Planck 2018 results.
VI. Cosmological parameters, 1807.06209.
[4] K. C. Wong et. al., H0LiCOW XIII. A 2.4% measurement of
H0 from lensed quasars: 5.3σ tension between early and
late-Universe probes, 1907.04869.
[5] W. L. Freedman, B. F. Madore, D. Hatt, T. J. Hoyt, I. S. Jang,
R. L. Beaton, C. R. Burns, M. G. Lee, A. J. Monson, J. R.
Neeley, M. M. Phillips, J. A. Rich, and M. Seibert, The
Carnegie-Chicago Hubble Program. VIII. An Independent
Determination of the Hubble Constant Based on the Tip of the
Red Giant Branch, Astrophys. J. 882 (Sep, 2019) 34,
[1907.05922].
[6] L. Sbordone et. al., The metal-poor end of the Spite plateau. 1:
Stellar parameters, metallicities and lithium abundances,
Astron. Astrophys. 522 (2010) A26, [1003.4510].
[7] A. Coc and E. Vangioni, Primordial nucleosynthesis, Int. J.
Mod. Phys. E26 (2017), no. 08 1741002, [1707.01004].
[8] V. Singh, J. Lahiri, D. Bhowmick, and D. N. Basu, Big-Bang
Nucleosynthesis and Primordial Lithium Abundance Problem,
5J. Exp. Theor. Phys. 128 (2019), no. 5 707–712,
[1708.05567]. [J. Exp. Theor. Phys.155,no.5,832(2019)].
[9] nTOF Collaboration, L. Damone et. al., 7Be(n, p)7Li
Reaction and the Cosmological Lithium Problem:
Measurement of the Cross Section in a Wide Energy Range at
nTOF at CERN, Phys. Rev. Lett. 121 (2018), no. 4 042701,
[1803.05701].
[10] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Big
Bang Nucleosynthesis: 2015, Rev. Mod. Phys. 88 (2016)
015004, [1505.01076].
[11] K. Vattis, S. M. Koushiappas, and A. Loeb, Dark matter
decaying in the late Universe can relieve the H0 tension, Phys.
Rev. D99 (2019), no. 12 121302, [1903.06220].
[12] D. Hooper, F. S. Queiroz, and N. Y. Gnedin, Non-Thermal
Dark Matter Mimicking An Additional Neutrino Species In The
Early Universe, Phys. Rev. D85 (2012) 063513,
[1111.6599].
[13] Planck Collaboration, P. A. R. Ade et. al., Planck 2013
results. XVI. Cosmological parameters, Astron. Astrophys. 571
(2014) A16, [1303.5076].
[14] T. Karwal and M. Kamionkowski, Dark energy at early times,
the Hubble parameter, and the string axiverse, Phys. Rev. D94
(2016), no. 10 103523, [1608.01309].
[15] J. L. Bernal, L. Verde, and A. G. Riess, The trouble with H0,
JCAP 1610 (2016), no. 10 019, [1607.05617].
[16] L. L. Graef, M. Benetti, and J. S. Alcaniz, Primordial
gravitational waves and the H0-tension problem, Phys. Rev.
D99 (2019), no. 4 043519, [1809.04501].
[17] J. A. R. Cembranos, J. L. Feng, A. Rajaraman, and
F. Takayama, SuperWIMP solutions to small scale structure
problems, Phys. Rev. Lett. 95 (2005) 181301,
[hep-ph/0507150].
[18] M. Viel, M. G. Haehnelt, and V. Springel, The effect of
neutrinos on the matter distribution as probed by the
Intergalactic Medium, JCAP 1006 (2010) 015, [1003.2422].
[19] C. C. Smith, A. Klypin, M. A. K. Gross, J. R. Primack, and
J. Holtzman, Linearizing the observed power spectrum, Mon.
Not. Roy. Astron. Soc. 297 (1998) 910,
[astro-ph/9702099].
[20] D. J. Eisenstein and W. Hu, Power spectra for cold dark matter
and its variants, Astrophys. J. 511 (1997) 5,
[astro-ph/9710252].
[21] C.-P. Ma, Linear power spectra in cold + hot dark matter
models: Analytical approximations and applications,
Astrophys. J. 471 (1996) 13–23, [astro-ph/9605198].
[22] DES Collaboration, T. M. C. Abbott et. al., Dark Energy
Survey year 1 results: Cosmological constraints from galaxy
clustering and weak lensing, Phys. Rev. D98 (2018), no. 4
043526, [1708.01530].
[23] M. Zennaro, J. Bel, J. Dossett, C. Carbone, and L. Guzzo,
Cosmological constraints from galaxy clustering in the
presence of massive neutrinos, Mon. Not. Roy. Astron. Soc.
477 (2018), no. 1 491–506, [1712.02886].
[24] G. Parimbelli, M. Viel, and E. Sefusatti, On the degeneracy
between baryon feedback and massive neutrinos as probed by
matter clustering and weak lensing, JCAP 1901 (2019), no. 01
010, [1809.06634].
[25] E. Giusarma, S. Vagnozzi, S. Ho, S. Ferraro, K. Freese,
R. Kamen-Rubio, and K.-B. Luk, Scale-dependent galaxy bias,
CMB lensing-galaxy cross-correlation, and neutrino masses,
Phys. Rev. D98 (2018), no. 12 123526, [1802.08694].
[26] J. Liu, S. Bird, J. M. Z. Matilla, J. C. Hill, Z. Haiman, M. S.
Madhavacheril, A. Petri, and D. N. Spergel, MassiveNuS:
Cosmological Massive Neutrino Simulations, JCAP 1803
(2018), no. 03 049, [1711.10524].
[27] C. Fidler, A. Kleinjohann, T. Tram, C. Rampf, and K. Koyama,
A new approach to cosmological structure formation with
massive neutrinos, JCAP 1901 (2019), no. 01 025,
[1807.03701].
[28] M. Zennaro, R. E. Angulo, G. Aric, S. Contreras, and
M. Pellejero-Ibez, How to add massive neutrinos to your
ΛCDM simulation - extending cosmology rescaling
algorithms, 1905.08696.
[29] L. A. Anchordoqui and H. Goldberg, Neutrino cosmology after
WMAP 7-Year data and LHC first Z’ bounds, Phys. Rev. Lett.
108 (2012) 081805, [1111.7264].
[30] A. Goudelis, M. Pospelov, and J. Pradler, Light Particle
Solution to the Cosmic Lithium Problem, Phys. Rev. Lett. 116
(2016), no. 21 211303, [1510.08858].
[31] F. Iocco, G. Mangano, G. Miele, O. Pisanti, and P. D. Serpico,
Primordial Nucleosynthesis: from precision cosmology to
fundamental physics, Phys. Rept. 472 (2009) 1–76,
[0809.0631].
[32] V. Poulin and P. D. Serpico, Loophole to the Universal Photon
Spectrum in Electromagnetic Cascades and Application to the
Cosmological Lithium Problem, Phys. Rev. Lett. 114 (2015),
no. 9 091101, [1502.01250].
[33] J. L. Feng, A. Rajaraman, and F. Takayama, Superweakly
interacting massive particles, Phys.Rev.Lett. 91 (2003)
011302, [hep-ph/0302215].
[34] J. Chluba and R. A. Sunyaev, The evolution of CMB spectral
distortions in the early Universe, Mon. Not. Roy. Astron. Soc.
419 (2012) 1294–1314, [1109.6552].
[35] A. Kogut et. al., The Primordial Inflation Explorer (PIXIE): A
Nulling Polarimeter for Cosmic Microwave Background
Observations, JCAP 1107 (2011) 025, [1105.2044].
[36] M. Battaglieri et. al., US Cosmic Visions: New Ideas in Dark
Matter 2017: Community Report, in U.S. Cosmic Visions: New
Ideas in Dark Matter College Park, MD, USA, March 23-25,
2017, 2017. 1707.04591.
[37] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen, and
V. Vaskonen, The Dawn of FIMP Dark Matter: A Review of
Models and Constraints, Int. J. Mod. Phys. A32 (2017), no. 27
1730023, [1706.07442].
[38] J. Heeck and D. Teresi, Cold keV dark matter from decays and
scatterings, Phys. Rev. D96 (2017), no. 3 035018,
[1706.09909].
[39] S. Boulebnane, J. Heeck, A. Nguyen, and D. Teresi, Cold light
dark matter in extended seesaw models, JCAP 1804 (2018),
no. 04 006, [1709.07283].
[40] D. J. E. Marsh, Axion Cosmology, Phys. Rept. 643 (2016)
1–79, [1510.07633].
[41] S. Tremaine and J. Gunn, Dynamical Role of Light Neutral
Leptons in Cosmology, Phys.Rev.Lett. 42 (1979) 407–410.
[42] A. Boyarsky, O. Ruchayskiy, and D. Iakubovskyi, A Lower
bound on the mass of Dark Matter particles, JCAP 0903
(2009) 005, [0808.3902].
[43] T. Bringmann, F. Kahlhoefer, K. Schmidt-Hoberg, and
P. Walia, Converting nonrelativistic dark matter to radiation,
Phys. Rev. D98 (2018), no. 2 023543, [1803.03644].
